BCL6 has emerged as a critical regulator of germinal centers (GCs), the sites where B cells undergo somatic hypermutation (SHM) and class switch recombination of their immunoglobulin genes (Ig) and are then selected on the basis of the production of antibodies with high affinity for the antigen. 1 BCL6 is also a frequently activated oncogene in the pathogenesis of human B-cell lymphomas, most of which derive from the GC B cells. The BCL6 gene encodes a 95-kDA nuclear phosphoprotein belonging to the BTB/POZ zinc-finger (ZF) family of transcription factors. 2-4 BCL6 functions as a transcriptional repressor via its C-terminal zinc-finger domain that binds to specific DNA sequences in the promoter region of target genes and 2 transcriptional repression domains 5 that interact with distinct corepressor complexes during the GC reaction. [6] [7] [8] [9] Within the B-cell lineage, the BCL6 protein is expressed at high levels only in mature B cells within GCs. 10 GC formation and the development of normal T cell-dependent humoral immune responses require expression of BCL6 because BCL6-null mice do not form GCs and are unable to produce high-affinity antibodies. 2,4 BCL6 expression is regulated by several signals that are crucial for GC development. Activation of B-cell receptor (BCR) induces mitogen-activated protein kinase (MAPK)-mediated phosphorylation of the BCL6 protein, which targets BCL6 for rapid degradation by the ubiquitin proteasome pathway. 11 Stimulation of the CD40 receptor by CD40 ligands expressed by T cells leads to transcriptional down-regulation of BCL6 via a signaling pathway that involves nuclear factor (NF)-B-mediated transcriptional activation of interferon regulatory factor 4 (IRF4), which, in turn, directly represses BCL6 transcription. 12,13 BCL6 degradation is induced by DNA damage via a pathway that is distinct from the one induced by BCR, 14 whereas BCL6 function is also inactivated by acetylation, which triggers its dissociation from corepressor complexes. 15 These findings indicate that although BCL6 is required for GC formation, its downregulation may be critical for B cells to exit the GC and differentiate toward memory and plasma cells.
Introduction
BCL6 has emerged as a critical regulator of germinal centers (GCs), the sites where B cells undergo somatic hypermutation (SHM) and class switch recombination of their immunoglobulin genes (Ig) and are then selected on the basis of the production of antibodies with high affinity for the antigen. 1 BCL6 is also a frequently activated oncogene in the pathogenesis of human B-cell lymphomas, most of which derive from the GC B cells. The BCL6 gene encodes a 95-kDA nuclear phosphoprotein belonging to the BTB/POZ zinc-finger (ZF) family of transcription factors. [2] [3] [4] BCL6 functions as a transcriptional repressor via its C-terminal zinc-finger domain that binds to specific DNA sequences in the promoter region of target genes and 2 transcriptional repression domains 5 that interact with distinct corepressor complexes during the GC reaction. [6] [7] [8] [9] Within the B-cell lineage, the BCL6 protein is expressed at high levels only in mature B cells within GCs. 10 GC formation and the development of normal T cell-dependent humoral immune responses require expression of BCL6 because BCL6-null mice do not form GCs and are unable to produce high-affinity antibodies. 2, 4 BCL6 expression is regulated by several signals that are crucial for GC development. Activation of B-cell receptor (BCR) induces mitogen-activated protein kinase (MAPK)-mediated phosphorylation of the BCL6 protein, which targets BCL6 for rapid degradation by the ubiquitin proteasome pathway. 11 Stimulation of the CD40 receptor by CD40 ligands expressed by T cells leads to transcriptional down-regulation of BCL6 via a signaling pathway that involves nuclear factor (NF)-B-mediated transcriptional activation of interferon regulatory factor 4 (IRF4), which, in turn, directly represses BCL6 transcription. 12, 13 BCL6 degradation is induced by DNA damage via a pathway that is distinct from the one induced by BCR, 14 whereas BCL6 function is also inactivated by acetylation, which triggers its dissociation from corepressor complexes. 15 These findings indicate that although BCL6 is required for GC formation, its downregulation may be critical for B cells to exit the GC and differentiate toward memory and plasma cells.
A variety of structural alterations of the BCL6 gene are associated with its deregulated expression in B-cell lymphomas. Chromosomal translocations juxtaposing heterologous promoters to the BCL6 coding domain are found in approximately 40% of diffuse large B-cell lymphoma (DLBCL) and in a minority (5%-10%) of follicular lymphoma (FL). [16] [17] [18] The common denominator of these promoters is their constitutive activity in the B-cell lineage and in particular their persistent activity in post-GC cells such as immunoblasts and plasma cells, in contrast with the GC-specific activity of the BCL6 promoter. 19 In addition, although alterations of the 5Ј noncoding region of BCL6 by SHM is a feature of normal GC B cells, 20, 21 specific mutations found only in DLBCL lead to the deregulated expression of BCL6 through disruption of the sequences mediating a negative autoregulatory circuit or IRF4-mediated repression. 13, 22 These genetic alterations suggest that BCL6 deregulation contributes to lymphomagenesis, and this notion has been validated in transgenic mice in which the constitutive expression of BCL6 leads to the development of DLBCL. 23 A thorough understanding of the biologic role of BCL6 in normal B-cell development and lymphomagenesis depends upon the identification of the full set of genes that are targets of its transcriptional regulatory function. Toward this end, gene expression profiling (GEP) analysis has identified a large number of genes whose expression responds to variations of BCL6 expression. 24 However, this approach cannot distinguish between direct targets and the presumably very large set of secondary targets whose expression is indirectly influenced by BCL6. More recently, a genome-wide chromatin immunoprecipitation (ChIP-on-chip) study has identified a large set of genes whose promoter regions are bound by BCL6 in vivo. 25 However, this approach has limitations because physical binding does not necessarily imply functional activity, as shown for other transcription factors. 26 Furthermore, a common limitation of the aforementioned 2 approaches is that they have been performed in transformed B cells, leaving open the possibility that BCL6 function may be altered in lymphoma cells. Thus, only a few genes have been fully validated as functionally and physiologically relevant targets in normal cells, including the gene encoding the coactivator molecule CD80, 27 genes involved in the sensing and response to DNA damage (TP53, ATR, and CHEK1), [28] [29] [30] the cell-cycle arrest gene CDKN1A/p21, 31 and the plasma cell differentiation master gene BLIMP1. 32 A recent publication in which the investigators aimed at the comparison of BCL6 transcriptional program in normal and malignant B cells reported that BCL6 binds to almost 2000 promoters. Approximately 180 genes of the 900 for which GEPs were available also showed down-regulation in GC B cells, representing the first large set of BCL6 physiologic targets. 33 Ideally, a comprehensive analysis of the BCL6 physiologic transcriptional program would involve the identification of genes whose promoter is bound by BCL6 and is functionally responsive to BCL6 in its physiologic context, that is, normal GC B cells. Toward this end, we have applied an integrated approach involving 3 complementary analyses (supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article): biochemical (ChIP-on-chip, for physical binding), coupled with a reverse-engineering algorithm that identifies robust transcriptional relationships conserved across a large set of B-cell phenotypes (ARACNe), 34, 35 and finally filtered by GEP analysis to identify targets that are physiologically repressed in GC B cells. The results identify a large set of novel target genes that provide a comprehensive picture of BCL6 function in normal B cells.
Methods

Primary cells and cell lines
Purification of GC B cells was performed as previously reported 36 by the use of magnetic cell sorting of mononucleated cells obtained from human tonsils. Tissue collection from tonsils was approved by the institutional ethical committee of Columbia University with informed consent from patients in accordance with the Declaration of Helsinki. P3HR1 and Ramos (Burkitt lymphoma cell lines) and 293T (fetal kidney cell line) were obtained from ATCC and maintained at the recommended concentration in Iscove modified Dulbecco medium and Dulbecco modified Eagle medium (both Invitrogen), respectively, supplemented with 10% fetal bovine serum and antibiotics.
Plasmids, reporter assays, and lentiviral infections
See the supplemental Methods for details on plasmids and transfection method. Reporter assays were performed as previously described. 5, 15 Lentiviral vectors for BCL6 siRNA (TRC0000013606 and TRC0000013603) and control siRNA (SHC002) were purchased from Sigma-Aldrich, and lentiviral supernatants were produced and used to infect P3HR1 and Ramos cells as previously reported. 13 
Immunoblotting
Whole-cell lysates were prepared as previously described. 11 Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting by use of the following antibodies: anti-BCL6 (Cell Signaling); anti-␤-actin (A5441, Sigma-Aldrich); and anti-HA (3F10; Roche).
ChIP, qChIP, and ChIP-on-chip assays
ChIP was performed as previously reported 22 starting from 40 ϫ 10 6 purified GC B cells or 20 ϫ 10 6 P3HR1 cells and by the use of 4 g of anti-BCL6 antibody (N3; Santa Cruz Biotechnology) or isotype-matched polyclonal IgG (Sigma-Aldrich). DNA fragments enriched by ChIP were analyzed for the expression of individual targets including BCL6 (positive control) and ␤-actin (negative control) by the use of primers reported in supplemental Table 1 and SYBR Green PCR Master Mix (Applied Biosystems) as recommended by the manufacturer. ChIP-on-chip was performed independently on GC B cells isolated from 3 patients. BCL6-ChIP DNA and whole-cell extract (input) DNA were purified, amplified by ligation-mediated polymerase chain reaction, and labeled (CGH Labeling kit; Invitrogen) with Cy5 and Cy3 (PerkinElmer), respectively. The labeled ChIP DNA samples were mixed in 1:1 ratio with their respective input DNA and hybridized on the Human Promoter ChIP-on-chip Microarray Set (2 ϫ 244K; Agilent Technologies). Hybridization was performed for 40 hours at 65°C in a rotating oven, and then the slides were washed and scanned (Agilent Scanner; Agilent Technologies) following the manufacturer's indications. The data were analyzed by ChIP-on-chip significance analysis (CSA). 37 Details on quantitative ChIP (qChIP) and ChIP-on-chip analyses are reported in the supplemental Methods.
Quantitative reverse-transcription PCR
Total RNA was isolated by the use of the TRIzol Reagent (Invitrogen) following the manufacturer's instructions. One microgram of total RNA was reverse-transcribed by use of the Superscript First Strand Synthesis System for RT-PCR (Invitrogen), and 1/100 of cDNA was used as template for PCR amplification by use of the primers reported in supplemental Table  1 and SYBR Green PCR Master Mix (Applied Biosystems) as recommended by the manufacturer. GAPDH was used as a control. The quantitative reverse-transcription PCRs were performed in triplicate, and each experiment was repeated at least twice.
DNA binding motifs discovery
The details of this analysis are reported in the supplemental Methods. In brief, pattern enrichment was measured by the use of the classification relative error rate. 38 De novo motifs were identified with DME, 39 and de novo motif discovery was followed by module discovery by the use of motif anchoring. 40 Potential BCL6 cofactors were inferred by identifying enriched TRANSFAC motifs. 41 
GEP, differential expression, and inferred networks
GEPs were generated as previously reported 34 by use of the HGU133Plus2.0 GeneChip and HG-U95A GeneChip platforms (Affymetrix). ARACNe was run with bootstrapping at a P value less than 10 Ϫ4 threshold before correction for multiple testing. Gene set enrichment was calculated with the use of Gene Set Enrichment Analysis (GSEA) 42 with t test-based P values for weighting statistics. See the supplemental Methods for details on the samples and the data analysis. The data discussed in this publication have been deposited in the Gene Expression Omnibus (GEO; National Center for Biotechnology Information) and are accessible through GEO Series accession numbers GSE2350 and GSE12195 (http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?accϭGSE2350 and http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?accϭGSE12195).
Results
Identification of promoter regions bound by BCL6 in GC B cells
Genome-wide array-based ChIP (ie, ChIP-on-chip) was performed on human tonsil GC B cells purified from 3 donors by the use of a commercially available array (Human Promoter ChIP-on-chip Microarray Set 2 ϫ 244K; Agilent Technologies) with probes mapped to 18 625 promoters. CSA 37 was used to assign localization P values for individual probes and to combine probe measurements across promoters and experiments. By the use of a false discovery rate cutoff of 0.0001, the use of CSA identified 4918 BCL6-bound promoters, corresponding to 4616 genes (supplemental Table 2 ). To confirm that the adopted threshold for significance allowed the inclusion of truly positive genes, 12 promoters were randomly chosen among the 100 lowest-ranking bound genes for validation by quantitative PCR on ChIP DNA obtained from GC B cells of different donors. All tested BCL6-bound regions but none of the control ChIP-on-chip-negative regions showed enrichment greater than 2-fold in at least 2 of the donors (supplemental Figure 2) , confirming the low rate of false positives even among the less significantly bound promoters. In addition, qChIP was performed on 10 targets spacing the whole spectrum of CSA ranking. As expected, qChIP showed enrichment for all tested promoters (supplemental Figure  3) . These results indicate that BCL6 is bound to more than 4000 (26%) of the tested promoter regions in normal GC B cells.
Characterization of BCL6 DNA binding motifs in vivo
BCL6 DNA binding motifs have been identified on the basis of the binding of recombinant BCL6 to synthetic oligonucleotides in vitro. 5, 43 The identification of promoters bound by BCL6 in vivo allows the redefinition of its consensus binding motif in normal B cells under physiologic conditions. Toward this end, we analyzed the 4918 BCL6-bound genomic regions associated with 4616 genes for motifs enriched in BCL6-bound regions by using as a negative reference (background set) the 2087 unbound promoters (false discovery rate Ͼ 0.5, corresponding to 1937 genes) identified by CSA. Location within a OCOphosphateOGO (CpG) island emerged as the most predictive pattern for regions containing BCL6 binding sites (relative error rate of 0.39). To identify transcription factor binding site patterns that are predictive of BCL6 binding regardless of CpG islands, we searched for enriched motifs and motif combinations (modules) in regions with and without CpG islands. Modules had a stronger than expected predictive value for BCL6 binding compared with single motifs. The most significantly associated module ( Figure 1 ) included (1) the TRANSFAC motif M00424; (2) the novel motif M2, which mimics a M00424 half site; and (3) the M0 motif, which is similar but not entirely compatible with previously identified BCL6 binding motifs in vitro (B6BS and BCL6; Figure 1A ). The M00424 motif is a consensus sequence for the NKX-homeobox family of transcription factors, of which only NKX6-3 is expressed in GC B cells, on the basis of the GEP data. The M00424-M2-M0 module had sites in 60% (2776 of 4616) of the bound regions compared with only 30% (579 of 1937) of the unbound regions (P ϭ 0 on the basis of a table contingency test). The statistical significance of this finding was further confirmed by permutation testing. In addition, although enrichment was evaluated only in terms of overrepresentation in the CSA-identified bound relative to the unbound regions, the presence of sites for the module correlated with CSA-based promoter ranking across the entire promoter set (supplemental Figure 4) . The inclusion of additional motifs did not improve the classification significance for the module.
Most of the genes that did not have sites for the module M00424-M2-M0 in their promoters had sites for the M0 motif alone ( Figure 1B) , whereas the remaining BCL6-bound promoters were characterized either by the presence of Inr elements (ϳ 6% of genes), which have been shown to recruit BCL6 via direct binding of the transcription factor Miz-1, 31 or by other nonidentifiable motifs (6.4% of genes). Overall, M0 sites were found in approximately 88% of the bound genes. These results provide a refinement of the known BCL6 binding site, confirm the presence of BCL6 in Inr-driven promoters, and indicate the frequent association of BCL6 binding with other motifs.
To establish the role of the main module (M00424-M2-M0) identified by ChIP-on-chip as predictive of BCL6 binding, we tested the responsiveness of a luciferase reporter construct driven by the promoter of the PGM2L1 gene (encoding a phosphoglucomutase), which contains the M00424-M2-M0 module. PGM2L1 was selected only because (1) it belonged to the core of BCL6 targets (see next subsection) identified by all 3 approaches (ChIPon-chip, ARACNe, GEP), (2) it contained the 3 DNA binding motifs that needed to be tested, and (3) its promoter region was in a convenient size range for the experimental validation. The BCL6-bound region identified by ChIP-on-chip in the PGM2L1 promoter extends for approximately 700 bp upstream and 80 bp downstream of the initiation transcription site (Figure 2A ). It lacks previously reported BCL6 binding sites but includes 1 M0, 2 M00424, and 3 M2 sites (2 of which partially overlap with M00424; Figure 2A ). BCL6 binding in this region but not in a neighboring location (Ϫ2351/Ϫ2546) was confirmed by qChIP assay ( Figure 2B) . To examine the effect of BCL6 binding on the PGM2L1 promoter (B) The module including M0, M00424, and M2 within 375 bp is found in the majority of BCL6-bound promoters, the M0 motif has sites in the promoters of the majority of the remaining genes, and almost half of the M0-free promoters display Inr elements. BCL6 is known to repress some of its targets upon interaction with Miz-1, which binds to Inr elements.
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To verify that repression by BCL6 is dependent on both its specific trans-repressive activity and DNA binding, HA-BCL6 mutants lacking the transcriptional repressor POZ and PEST domains (HA-BCL6-ZF) or the carboxyl-terminal DNA-binding Zinc-finger domain (HA-BCL6-⌬ZF) were tested in parallel. Wild-type BCL6 but not its mutants was able to repress the expression of PGM2L1 reporter gene, indicating that PGM2L1 is a bona fide direct target of BCL6 ( Figure 2C ). To determine which component of the M00424-M2-M0 module is required for BCL6 function, we constructed PGM2L1 reporter genes with mutations in the M00424 and M2 motifs (PGM2L1 mutant1-luc), in the M0 motif only (PGM2L1 mutant2-luc), or in all 3 putative BCL6 binding correlated motifs (PGM2L1 mutant3-luc; Figure 2A ). Transient transfection assays demonstrated that the mutant reporters lacking the M0 motif, including PGM2L1 mutant2-luc, which carries mutations only in M0, are resistant to transcriptional repression by BCL6 ( Figure 2D ), indicating that the M0 site but not M00424 and M2 is sufficient for BCL6-mediated transcriptional repression. Thus, the commonly associated M00424 and M2 motifs may represent sites for the binding of other transcription factors complementing the biologic activity of BCL6 or facilitating its transcriptional function by appropriately modifying chromatin.
Identification of BCL6-bound and regulated promoters in GC B cells
Because binding may not necessarily reflect BCL6 trans-repressive activity and/or may not involve genes expressed in B cells, the results of ChIP-on-chip analysis (promoter binding) were integrated with those obtained by the use of a reverse engineering algorithm (ARACNe) that identifies genes whose mRNA expression is directly correlated with BCL6 activity in a set of GEPs obtained from both normal B cells and a subset of tumors (FL) in which the BCL6 locus is not altered (supplemental Figure 5) . ARACNe complements ChIP-on-chip by providing functional relationships but is limited because it also identifies upstream regulators of BCL6. The ARACNe-predicted BCL6 network includes 657 first neighbor genes, 48% of which were found to be bound by BCL6 in their promoters (supplemental Figures 5-6 ; supplemental Table 2) .
Finally, the results of the ChIP-on-chip and ARACNe analyses were integrated with those obtained by the use of a GEP-based approach identifying genes displaying (1) low expression in GC B cells relative to purified naive and/or memory B cells, as evidence of possible repression by BCL6, or (2) lack of expression in any of the considered normal B-cell subpopulations but expression in a panel of B-NHL primary cases, as evidence of potential expression in B cells. In total we identified 3834 genes whose expression in GC B cells is consistent with BCL6 repression function (supplemental Figure 6 ; supplemental Table 2 ). The integration with ChIP-on-chip data identified 1207 genes bound by BCL6 and down-regulated or not expressed in GC B cells. The combined approach identified 120 "core" BCL6 target genes (supplemental Figure 6 ; supplemental Table 2 ) bound by BCL6, dynamically correlated with its expression, and physiologically repressed in GC B cells.
BCL6 "core" target genes identify cellular pathways controlled by BCL6
The 120 "core" target genes include only 1 previously reported validated BCL6 target (CCND2), 24 a few additional ones (n ϭ 9) for which BCL6 binding on their promoter was detected by ChIP-onchip performed in a lymphoma cell line, 25 and 33 similarly identified in GC B cells (see "Discussion"). 33 Analysis of the BCL6 "core" targets revealed the presence of genes pointing to major pathways such as NF-B activation (NFkBIE), MAPK signaling (MAP3K5), T cellmediated B-cell activation (CD274), apoptosis (BCL2), response to genotoxic stress (SUB1), cytokine signaling (IL10RB), Toll-like receptor signaling (TLR7), transforming growth factor-␤ (TGF-␤) signaling (TGFBR2), and the WNT pathway (FZD4). Nonetheless, some known targets were not present in the "core" list because they failed to reach the required threshold for differential expression (eg, TP53, CD80) or because they were excluded from the ARACNe-inferred BCL6 network as the result of an insufficient dynamic range in the expression data (eg,
STAT3, PRDM1).
These results are consistent with the reported low false positive but potentially greater false negative rates among ARACNe-inferred targets of transcription factors. This observation, together with the fact that the number of "core" targets was too limited to allow pathway enrichment analysis (by the use of DAVID and databases from KEGG, Biocarta, and Panther), 44, 45 led us to explore the possibility that some of the genes present in the "core" list may reflect a broader activity of BCL6 on their respective pathways. Hence, we performed pathway enrichment analysis on the larger dataset obtained by crossing the ChIP-onchip and the GEP data (1207 genes). The results identified an expanded set of targets involved in cellular signaling pathways at multiple levels, ranging from the cell surface (receptors), through signaling molecules, to the nucleus (supplemental Table  3 ). BCL6 appears to repress mostly positive but also some negative regulators of several signaling pathways, suggesting that it may play a complex role in modulating the activity of these pathways. Overall, the results (shown schematically in Figure 3 and detailed in supplemental Figure 7 ) can be summarized in the subsections that follow.
BCR and CD40 signaling. These pathways were represented by several genes encoding molecules involved in signal transduction (eg, the tyrosine kinase LYN and the tyrosine phosphatase PTP6), MAPK activation (supplemental Figure 7) , NF-AT activation (PPP3CA and PPP3R1), and NF-B activation (NFKB1, NFKB2, and several IB family members). Because some of these signaling pathways (MAPK, NF-B) have been previously shown to regulate BCL6, [11] [12] [13] these findings suggest an automodulatory circuit in which BCL6 regulates its own regulatory signals.
T cell-mediated B-cell activation. CD274 (alias B7-H1, PDL1) has been shown to bind CD80 and to regulate the balance of activation and inhibition of the T-cell response. 46 Because CD80 is also a BCL6 direct target gene (not represented in the dataset because of its poor dynamic range), 27 the inclusion of CD274 suggests a broad role for BCL6 in controlling the expression of molecules essential for B-T-cell interaction. 
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Response to DNA damage. The role of BCL6 in modulating the sensing and execution of responses to DNA damage has been previously suggested by the discovery of TP53, CDKN1A, ATR, and CHEK1 as BCL6 direct targets. [28] [29] [30] [31] The results herein extend this notion by identifying an additional set of genes in the same pathway, including TP53BP1, a conserved checkpoint protein that enhances TP53 transactivation function 48 ; SUB1, an activator of TP53 that is overexpressed upon DNA damage 49, 50 ; USP3, a H2A/H2B deubiquitinating enzyme involved in maintenance of genome integrity 51 ; TLK1, a nuclear serine/threonine kinase acting as a molecular chaperone in DNA repair 52 ; CHD2, a chromodomain helicase binding protein affecting DNA damage signaling and processing at the chromatin level 53 ; and several not yet functionally characterized TP53 transcriptional targets (TOR1AIP1, STX6, IFI16, IRF2BP2). [54] [55] [56] [57] Interferon and cytokine signaling. Multiple interferon-type (IFNAR1, IFNAR2, IFNGR1) and interleukin receptors (IL-10RA, IL-10RB, IL-12RB1, IL-13RA1, IL-2RG, IL-6R, IL-7R) that lead to activation of Janus kinase/signal transducers and activator of transcription (JAK/STAT) were broadly represented among BCL6 targets. Furthermore, STAT family members (STAT1, STAT3, and STAT5A) also were found to be directly repressed by BCL6. Together with the cited modulatory activity on multiple MAPK components and on components (JUN/FOSB) of the AP1 transcriptional complex, these findings point to a broad function of BCL6 in modulating incoming signals from a variety of soluble signals that may prematurely activate centroblasts in the GC.
Toll-like receptor signaling. A modulatory activity on this signaling pathway is suggested by the presence among BCL6 target genes of those encoding both Toll-like receptors (TLR1, TLR7, TLR9), and transducers of the Toll-derived signals (MYD88 and TIRAP). Because this pathway has been reported to have a role in T-dependent immune response and the development of memory B cells, 58, 59 our findings suggest that its silencing by BCL6 may also be necessary to avoid activating stimuli during the proliferative stage of GC reaction. TGF␤ receptor signaling. Previous studies in TGF␤ Ϫ/Ϫ mice showed the role of TGF-␤ in promoting the differentiation of IgA-secreting plasma cells and in attenuating B-cell response to low-affinity antigens, 60 suggesting a role for TGF-␤ signaling in regulating post-GC differentiation. Accordingly, the results herein identify genes encoding TGF-␤-type receptors (TGFBR2, BMPR2), a ligand (BMP2), and a nuclear effector (SMAD7) as BCL6 direct targets, suggesting a modulatory action of BCL6 on the ability of TGF-␤ to regulate post-GC differentiation.
WNT signaling. This pathway appears also to be affected by BCL6 through the control of genes encoding its receptors (FZD4, FZD8, LRP6), signal transducers (AXIN1), and downstream transcription factors (TCF7L2, LEF1). In conjunction with the report that mice bearing B cell-specific deletion of ␤-catenin show defective plasma cell formation in vitro, 61 these results suggest a role of WNT signaling in the late stage of B-cell differentiation and support the silencing of this pathway by BCL6 in the early stage of the GC reaction.
BCL6 is required for target gene suppression
To provide at least a partial functional validation of the results, 17 BCL6 targets, chosen to be representative of the aforementioned pathways, were further experimentally investigated. Because normal GC B cells undergo apoptosis within hours of ex vivo culture and therefore cannot be experimentally manipulated in vitro, we relied on the use of a Burkitt lymphoma cell line (P3HR1) to asses whether BCL6 inactivation leads to target gene expression, as expected for direct targets of transcriptional suppression. First, we verified by qChIP assay that BCL6 binding identified in normal GC B cells (supplemental Figure 8) was retained in this cell line ( Figure 4A) . Then, different levels of BCL6 silencing were obtained in P3HR1 cells by the use of 2 sh-RNAs targeting BCL6 ( Figure 4C ). Reverse-transcription PCR-based analysis of target gene expression ( Figure 4B ) demonstrated that 11 of 17 of the tested genes are up-regulated at least 2-fold upon BCL6 silencing, suggesting that BCL6 is indeed required for their repression. The lack of up-regulation of a minority of these genes is not surprising because the removal of the repressor may not be enough to induce expression of these genes in absence of activators. These results indicate that the subset of BCL6 target genes tested as representative of relevant cellular pathways is in fact under active repression by BCL6.
Moreover, provided that a considerable fraction of targets appeared to be responsive to BCL6 removal, we extended the analysis to the complete set of identified BCL6 targets. GEPs were generated from Ramos cells infected with control or BCL6-targeting sh-RNAs and used to investigate the enrichment of the BCL6 targets in the gene signature obtained upon BCL6 silencing. GSEA showed that both the core targets and the targets identified by ChIP-on-chip and GEP were significantly enriched among the genes whose expression increases upon BCL6 silencing ( Figure 5 ). In conclusion, these results suggest that a significant fraction of the reported targets are actively responding to BCL6 repression.
Discussion
In this study we aimed at elucidating the biologic function of BCL6 by providing a comprehensive analysis of its target genes in the GC. On the assumption, supported by previous studies on other transcription factors, that direct binding on a promoter sequence does not necessarily reflect a functional relationship between a given transcription factor and a target gene, 26 we have adopted an integrated biochemical and computational approach that allowed the identification of genes whose promoter is directly bound and repressed by BCL6 in a physiologic GC context. The results identified a set of strictly defined biochemical and functional BCL6 targets that have implications for the understanding of BCL6 activity as transcription factor, of its biologic function, and of its role as an oncogene in lymphomagenesis.
BCL6 binding sites in the genome: binding versus function
The more than 4000 target promoters reported here significantly extend the recent report of less than 2000 BCL6-bound promoters, 33 935 of which also were found in our study. This difference is likely the result of the different promoter array used and to the far more sensitive ChIP-on-chip analysis method (CSA) used in our study. The large number of BCL6-bound promoters reported in this study is not an overestimation, as shown by the limited number of false positives detected by qChIP validation even on the promoters identified by CSA at the lowest confidence levels (supplemental Figure 2) . Overall, our results suggest that BCL6 binds to a relatively large number of promoters far exceeding the number of genes that are functionally controlled by BCL6 in GC. The observed differences between binding and functional activity is analogous to the one observed for other transcription factors. 26 It probably reflects both the requirement of additional cofactors for transcriptional activity as well as the fact that many BCL6-bound promoters may be active in tissues other than GC B cells. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Our findings provide a refinement of the previously in vitroidentified binding sites 5, 43 and indicate the frequent presence of this site in a complex module (M00424-M2-M0) whose role requires further functional analysis. Furthermore, the data confirmed the possibility for BCL6 to bind to selected promoters characterized by lack of BCL6 DNA binding sites but containing Inr motifs, most likely reflecting the presence of BCL6 bound to Miz-1, as previously shown for the CDKN1A promoter. 31 Finally, a minority of BCL6-bound promoters did not display any readily identifiable motif, suggesting that BCL6 may bind to these promoters via alternative, currently unknown, cofactors.
The database of BCL6-bound regions reported here represents a resource for the DNA binding analysis of cofactors associated with BCL6 activity. In fact, several DNA binding motifs were found significantly associated with BCL6 binding sites, including those corresponding to important regulators of GC development (ie, MYB, IRF8) 62, 63 as well as known competitors of BCL6 functions (IRF4, STATs) 13,64-66 (supplemental Table 4 ). In addition, the ARACNe-predicted hubs for several transcription factors known to compete with BCL6 function (IRF4, STATs, TP53) were significantly enriched in BCL6-bound targets, suggesting that BCL6 has a broad control on a large portion of their transcriptional program (supplemental Table 5 ). The establishment of the physiologic significance of these associations will require extensive functional validation in vitro as well as in normal tissues.
Implications for the BCL6 biologic program
The authors of previous studies have attempted to identify BCL6 biologic function either by analysis of the transcriptional response to BCL6 induction by GEP 24 or through genome-wide analysis of promoters bound by BCL6 in malignant GC B cells. 25 A study 33 published while this current article was in preparation reported the identification of physiologic BCL6 targets in normal GC B cells with a combined biochemical and GEP analysis. However, downregulation in GC was shown only for a limited number of genes (n ϭ 187) of the 1970 identified to be bound by BCL6. Thus, the data here reported greatly enlarge the core of BCL6-bound genes validated for their physiologic down-regulation in GC (n ϭ 1207). In addition, GSEA demonstrated that this set of BCL6 targets is significantly more enriched for genes that are derepressed in BCL6-depleted B cells compared with targets reported by Ci et al 33 (supplemental Figure 9) . The larger number of functional targets reported here was instrumental toward the reconstruction of the multiple pathways affected by BCL6.
Indeed, our results confirmed the activity of BCL6 in modulating B-cell activation and differentiation and significantly extended the role of BCL6 in controlling DNA damage sensing and response via the identification of several additional genes regulated by BCL6 in the same pathway. The latter activity appears to be functionally coordinated with the broad control that BCL6 has on the apoptotic machinery in which it affects multiple genes encoding both proand antiapoptotic molecules. More interestingly, these results provide novel insights concerning the function of BCL6 on several biologically relevant cellular pathways by modulating signaling through toll-like receptors, INF-R, a variety of cytokines, TGF-R, and WNT signaling. An intriguing feature of BCL6 function appears to be the broad control of several targets along the same pathway, often involving the simultaneous modulation of the expression of cell surface receptors, signaling molecules, and nuclear effectors.
When examined collectively, these results indicate a complex but remarkably coherent biologic function of BCL6 in GC B cells.
In fact, BCL6 appears to modulate a relatively large number of signals that are involved in B-cell activation, survival, and/or differentiation at the end of the GC reaction. This finding is consistent with the role of BCL6 in protecting proliferating centroblasts from signals that may prematurely lead to their GC exit before they have expanded and undergone SHM of their Ig genes. Once these functions have been completed, the high-affinity recognition of the antigen as well as the interaction with T cells (CD40 signaling) down-regulates BCL6 expression, [11] [12] [13] thus releasing its negative control on the signals that regulate post-GC differentiation. The balance between BCL6-mediated suppression and the activity of multiple signaling pathways seems to be finely tuned by circuits in which BCL6 regulates components of its own regulatory pathways (suppression of CD40 and BCR signaling and the DNA damage response).
Implications for lymphomagenesis
BCL6 is expressed in all GC-derived malignancies, including Burkitt lymphoma, FL, DLBCL, and a subset of Hodgkin lymphoma. In a significant fraction of DLBCL and a small fraction of FL, BCL6 expression is deregulated by chromosomal translocation and somatic mutations. 13, [16] [17] [18] 22 The set of physiologic target genes identified in this study will allow comparative analyses aimed at defining whether the BCL6 transcriptional program remains intact in B-cell lymphomas carrying a normal or deregulated BCL6 gene. In addition, the results herein suggest that all lymphoma subtypes expressing BCL6 may be relatively insensitive to a variety of activation and differentiation stimuli. This notion suggests a potential synergic therapeutic activity between molecules aimed at inactivation of BCL6 and biologic agents leading to B-cell activation and differentiation.
